A wide range of rare-earth metal oxides (REOs) constitute promising candidates for high-k gate dielectrics, as they combine excellent dielectric properties i.e. high dielectric constant and low
leakage currents with wide band gaps, in the range between 3.9 and 6 eV. [1] [2] [3] [4] [5] [6] [7] [1], [2] , [3] , [4] , [5] , [6] , [7] Yet, another attractive feature of rare-earth oxides that further boosted their research is the excellent stability and interface properties with silicon. [4, [8] [9] Also, their relatively close lattice constant match to silicon further enhances the possibility of epitaxial growth. Epitaxial growth of REOs (i.e. Gd2O3) on GaAs has also been reported, [10, 11] and further investigations [12, 13] demonstrated their potential applications in a number of III-Vs-based optoelectronic devices.
Despite their relatively short history, metal oxide semiconductor-based thin film transistors (TFTs) constitute a promising technology for application in large-area electronics and have already been produced with high electron mobility, excellent chemical stability, mechanical stress tolerance and high optical transparency. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Due to their wide band gaps (>3 eV) however, metal oxide-based semiconductors require gate dielectrics with a relatively wide band gap (potential barrier at each band greater than 1 eV) in order to inhibit conduction by the Schottky emission of electrons or holes into the oxide bands. [3, 24] A number of wide band gap REOs (La2O3, Y2O3, Nd2O3) have shown promise for implementation in TFTs employing metal oxide semiconducting channels.
Among those, neodymium oxide (Nd2O3) has been investigated and films with different crystal structures and properties have been successfully produced. However their successful implementation in operating TFTs has been rather limited. [25] Depending on the deposition technique and substrate temperature, Nd2O3 can adopt either an amorphous (a-Nd2O3), cubic (c-Nd2O3) or hexagonal (h-Nd2O3) phase resulting in dielectric constants of about 11, 14 and 21 for the different phases respectively. [26] Regarding the latter, the dielectric constant of h-Nd2O3 is still under debate as contradictory results have been reported. [26] [27] [28] Nd2O3 dielectrics can be deposited using a wide range of vacuum based techniques such as reactive rf sputtering, [29, 30] pulsed laser deposition (PLD), [28, 31] electron beam evaporation, [32] thermal evaporation, [26, [33] [34] inductively coupled radio frequency thermal plasma, [35] Molecular Beam Epitaxy (MBE), [36] atomic layer deposition (ALD), [37] [38] [39] [40] [41] [42] [43] and Metal-Organic Chemical Vapor Deposition (MOCVD). [5, [44] [45] [46] [47] [48] They do exhibit excellent performance but Nd2O3 deposition using vacuum-based techniques still requires a high substrate temperature or high temperature post-deposition annealing, which is incompatible with the use of glass substrates. A recent report however demonstrated the deposition of a range of rare earth oxides by ALD at substrate temperatures as low as 225 o C, [37] lowering even further the processing temperature by the utilization of novel precursor materials.
Also, such deposition techniques still suffer from high manufacturing costs and in some instances, limited large-area deposition capabilities. To overcome this issue, significant research has been focused on the development of alternative deposition techniques based on solutions, including sol-gel, [49] [50] [51] spray pyrolysis [52, 53] and dip coating. [54] Even though the application of the above mentioned techniques successfully demonstrated the deposition of Nd2O3 films or nanoparticles, as indicated above, films had to undergo postdeposition annealing at high temperatures (occasionally up to 1200 o C), and still showed relatively low dielectric constants and poor adhesion to the substrate. Moreover, Nd2O3 films that were deposited (or annealed) at moderate temperatures (500 o C) from -diketonate precursors had carbon contamination. The relatively small number of reports of the deposition of Nd2O3 by vacuum deposition techniques (MOCVD in particular) is mainly due to a lack of precursors with the appropriate volatility and decomposition characteristics. Moreover, the use of high substrate temperatures (exceeding 600 o C) is a limiting factor that rules out the use of glass (flexible glass in particular), narrowing down the substrate material of choice to those with high melting point. Additionally, the use of high substrate temperatures favors the Leidenfrost effect, resulting in low deposition rates and high film surface roughness.
We have recently demonstrated that the application of spray coating (or spray pyrolysis) at moderate temperatures -a rather simple and large-area-compatible deposition technique -can be used for the deposition of high-quality high-k dielectrics based on HfO2, [55] ZrO2, [56] Al2O3/TiO2 [57] as well as REOs i.e. Y2O3, [58] La2O3 and LaAlO3. [59] In this report we further demonstrate the spray coating deposition of Nd2O3 gate dielectrics at moderate temperatures (400 o C) over large area, in air, by using a rather common -diketonate precursor and a combination of solvents that allow the precursor's solubility and growth rate to be optimized. The Nd2O3 dielectrics were deposited onto Indium Tin Oxide (ITO) coated glass The film properties were investigated using a wide range of characterization techniques including spectroscopic ellipsometry, UV-Vis absorption spectroscopy, impedance spectroscopy, x-ray photoelectron spectroscopy (XPS), atomic/ultrasonic force microscopy (AFM/UFM) and Transmission Electron Spectroscopy (TEM). The TFT characteristics were obtained from optimized bottom-gate, top-contact (BG-TC) transistor architecture employing spray coated Nd2O3 gate dielectrics and ZnO semiconducting channels both also spray coated from solutions. [55, 60] Conversion of the neodymium(III) 2,4-pentanedionate precursor into Nd2O3 films is achieved by spray pyrolysis above 380 o C. Indeed, thermogravimetric analysis of neodymium(III) 2,4-pentanedionate (data not shown) revealed no further mass loss at temperatures in excess of 380 o C. The latter was further verified by FTIR measurements (data not shown) that revealed no features related to organic residues in the film. However, prolonged exposure of the Nd2O3 films in air for more than 3 days resulted in the formation of a thin layer of Nd2(CO3)3 on the surface of the film, presumably due to atmospheric CO2 absorption. The latter has also been reported for Nd2O3 films [61] deposited even from carbon-free precursors. [35] The deposition however of the ZnO semiconducting layer onto Nd2O3 dielectrics, prevented carbonates formation even after several weeks exposure in air, as evidenced by the absence of the carbonates features at 1370, 1470 and 1515 cm -1 of the FTIR spectra on KBr susbtrates (data not shown).
Figure 1a
shows the Tauc [62] and Urbach [63] plots of Nd2O3 films on fused silica obtained by UV-Vis absorption spectroscopy. Extrapolation of the linear region of the Tauc plot to the xaxis yields the direct optical band gap of 6 eV comparable with that of 5.8 eV reported for epitaxial Nd2O3. [36, 64] The Urbach tail energy of Nd2O3was found to be relatively low (about 200 meV) for solution processed dielectrics, [57, 59] indicating high static order perhaps due to the formation of crystalline Nd2O3. Furthermore, the optical properties of Nd2O3 films on c-Si were investigated by ex-situ UV-visible spectroscopic ellipsometry in the range of photon energies between 1.5 to 4.5 eV. The data were analyzed on a basis of the Lorentz classical model, including a term for the infinite dielectric constant, as discussed in detail in the experimental section. It was found that the use of two oscillators that model contributions from low and high energy band-to-band transitions yields an excellent fit to the data as shown in Figure 1c . The modelled dispersion of the refractive index and the extinction coefficient in the photon range between 1 and 10 eV is illustrated in Figure 1b . The optical band gap of 6 eV, as obtained from spectroscopic ellipsometry, is in excellent agreement with that derived from UV-Vis absorption spectroscopy. Spectroscopic ellipsometry data analysis was also provided with a high-frequency dielectric constant,   of 3.4 which in turn was used to calculate the Schottky barrier pinning factor, [65] S 0.63. 531 eV respectively as shown in the narrow region energy scans that are illustrated in Figure   1e and Figure 1f . The relative atomic concentration ratio Nd:O was calculated in turn from the intensities of the major photoelectron peaks by means of codes in the instrument data system employing Scofield cross sections [66] and was found to be 0.67 confirming elemental Nd2O3 films. As mentioned earlier however, prolonged film exposure in air, results in atmospheric CO2 absorption so the XPS spectrum of the exposed Nd2O3 films also reveals C-O and O-C=O groups on the surface. Notably, no features from any other elements contributed to the spectrum.
The narrow region energy scans illustrated in Figure 1e and 1f allowed determination of the chemical state of the specific elements identified. In particular, the O 1s peak at 531 eV is a clear signature of oxygen in Nd2O3. [67] The presence of negligible carbon content (C 1s feature at 284 eV) is due to the minimal exposure of this Nd2O3 sample to air prior to measurement.
The surface morphology of spray coated Nd2O3 and spray coated ZnO (i.e. the semiconducting channel) onto Nd2O3 films on ITO-coated glass was further characterized by AFM and UFM.
The images presented in Figure 2 are the raw images after having been flattened out. The film surface was investigated in terms of root-mean-square roughness and this was found to be 2.7
nm for Nd2O3 considerably different from that of the underlying ITO (1.2 nm) that was previously reported, [68] indicating that the Nd2O3 films surface morphology and growth were dominated by the deposition process itself. Equally, the higher resolution UFM image in Figure   2b further demonstrates smooth and nanoporous-free films. Additionally, the uniformity in the friction images that are depicted in Figure 2c further support the fact that Nd2O3 films of a single phase and/or orientation were deposited. The small differences in friction at the grain boundaries are due to changes in topography, as can be concluded by comparing the AFM/UFM (normal forces) and friction (lateral forces) images. [69] [70] [71] The same findings also apply for the spray coated ZnO semiconducting layers (Figure 2d , 2e and 2f) that were sequentially deposited from solutions onto the Nd2O3 dielectrics. (114) and (330) directions. The cross section [72] of the glass/ITO/Nd2O3/ZnO stack was further investigated by UFM and AFM, as illustrated in Figure 2j . The UFM and friction images that are depicted in Figure 2k To further determine the conduction mechanism, Fowler Nordheim (F-N) and Poole-Frenkel (P-F) plots are shown in Figure 3b and 3c respectively. F-N plots show some linearity at high electric fields, potentially indicating an interface limited process. On the other hand, the P-F plots don't present any (or very limited) linearity, therefore a bulk limited conduction mechanism can be ruled out. Similarly, a potential space charge limited conduction (SCLC) mechanism has equally been ruled out. However, despite these indications, further work is required in order that the conduction mechanism(s) can be safely identified. To note that similar results have recently been reported for solution processed SiO2. [68] Τhe Nyquist plot that is illustrated in Figure 3e , further demonstrates films of excellent dielectric properties as is also indicated by the equivalent circuit (inset of Figure 3e ) that consists of a small series and large parallel resistance. Figure 3f further demonstrates the tradeoff between the static dielectric constant and optical band gap of solution-processed Nd2O3, as well as for a number of other both solution and vacuum processed gate dielectrics. [7] Finally, the performance of solution processed Nd2O3 gate dielectrics has been investigated by their implementation as gate dielectrics in bottom-gate, top-contact thin films transistors employing a 25 nm thick solution processed ZnO semiconducting channel [55] and aluminum source and drain contacts. The transfer and output characteristics of a typical ZnO TFT employing a 36 nm Nd2O3 gate dielectric (Cox = 270 nF/cm 2 ) are illustrated in Figure 3g and , comparable with those reported for equally solution processed TFTs. [55, 57, 59] TFT devices employing gold source and drain contacts showed excellent stability under constant bias stress (3000 s at VDS and VGS =4 V, data not shown). VTH increased by 12 % and field effect mobility decreased by less than 10 %.
The yield metric for spray coated TFTs, in terms of device reproducibility is demonstrated in Figure 3i and Figure ). Also UFM measurements were carried out in ambient conditions using a modified version of the above system and performed using a 4 MHz carrier frequency and 2.7 kHz modulation frequency using samples mounted on a 4 MHz thickness resonance piezoplate (PI) calibrated via a laser Doppler vibrometer (Polytec OFV-534). To note that the surface damage to the sample and the tip during UFM imaging is negligible because of the effect of ultrasound-induced lubricity that eliminates the shear forces during the scanning. [74] Beam-Exit Cross-Sectional Polishing: The glass/ITO/Nd2O3 stacks were mounted on a BEXP angled holder (5° slope) with an overhang of 300 μm. The beam entry surface was then filed down normal to the beam direction with 30, 9, and then 1 μm diamond paper. The holder was placed within the vacuum chamber and BEXP was initiated at a vacuum of 2.0 × 10 −5 mbar.
Ion guns were allowed to warm up at a voltage of 3 kV for 10 min prior to processing at 6 kV.
Once beam-exit occurred, voltage was decreased to 1 kV for 20 min to polish the surface. The process resulted in a cut of approximately 11° through the area of interest (with respect to the sample surface). Samples were subsequently cleaned in an ultrasonic bath using trichloroethylene, acetone and isopropanol for 10 minutes each. Electron mobility and interfacial trap density were extracted from the transfer curves in both the linear and saturation regime using the gradual channel approximation. where SS is the subthreshold swing and kT/q the thermal voltage (at 300 K). .
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